Background: Several pathogenic mutations in the LRRK2 gene have been implicated in familial and sporadic cases of Parkinson disease (PD). The R1441G mutation is frequent in Spanish patients of Basque ethnicity with PD, and the G2019S mutation is a common mutation found in several populations worldwide.
R
ECENTLY, PATHOGENIC MUTAtions in the leucine-rich repeat kinase 2 (LRRK2) gene have been identified in patients with autosomal dominant forms of Parkinson disease (PD). 1, 2 The LRRK2 gene has 51 exons, encodes a large protein of 2527 amino acids (dardarin), and has an unknown function, although there are5predictedfunctionaldomains:aleucinerich repeat domain, a Roc (Ras guanosine triphosphatase) domain, a C-terminal of Roc domain, a WD40 domain (␤-transducin repeats), and a tyrosine kinase catalytic domain. 1, 2 The clinical features of parkinsonism and the response to levodopa treatment in patients with LRRK2 mutations seem to be indistinguishable from those of classic PD. [2] [3] [4] Featureslikedementiaoratypicalsigns such as amyotrophy or supranuclear gaze palsy are rarely observed. 1, 2, 5, 6 Until now, several different missense mutations have been reported in the LRRK2 gene. 1, 2, 4, 5, 7 One of them, the G2019S mutation, has been found in a significant proportion of patients with PD; it accounts for about 5% to 6% of familial and 1% to 2% of apparently sporadic cases. [8] [9] [10] The R1441G mutation has been described only in populations located in the Basque country and its neighboring region of northern Spain, Asturias. This mutation has been found in 8% of Basque PD patients 1 and in 2.7% of patients with late-onset PD in Asturias. 11 Two more mutations, located in position 1441 within the Roc domain, have been described in other populations: the R1441C and R1441H mutations, emphasizing the importance of this residue for the LRRK2 pathogenic mechanism. 2, 7 The aims of this study were to determine the frequency of the LRRK2 G2019S and R1441G mutations in PD patients included in our PD DNA bank, composed of patients from the non-Basque northeast region of Spain (Catalonia), and to characterize in detail their family history and clinical features.
METHODS

PATIENTS
The LRRK2 mutations were screened in 302 nonconsecutive and unrelated PD patients (mean ± SD age at onset, 53. 12, 13 Patients included were observed longitudinally in our Movement Disorders Unit. Their family history of PD was periodically evaluated, and when positive, the conservative criteria of Marder et al 14 were used to assess its degree of certainty. Among the 302 PD patients, 94 had a family history (31.1%; mean ± SD age at onset, 53.1±14.0; range, 15-84 years), whereas 208 cases were sporadic (68.9%; mean age at onset, 54.2±13.0; range, 8-85 years). Written informed consent was obtained from all participants, and the local ethics authorities approved the project. The clinical data of patients with LRRK2 mutations were reviewed. In some cases, it was possible to obtain blood samples from affected and unaffected relatives.
GENETIC ANALYSIS
The DNA from peripheral blood was isolated by using standard methods in all subjects. The LRRK2 G2019S mutation was detected by restriction endonuclease digestion with the SfcI enzyme as previously described, 8 running in an acrylamide gel electrophoresis and subsequently stained with ethidium bromide. The R1441G, R1441C, and R1441H mutations were screened by restriction endonuclease digestion with the BstUI enzyme, and samples with an abnormal electrophoresis pattern were sequenced to identify the exact nucleotide change. Genomic DNA was amplified using polymerase chain reaction and done in 25 µL containing 2.5 µL of polymerase chain reaction buffer, 1.5mM magnesium chloride, 1.25mM concentration of each deoxynucleotide triphosphate (dNTP), 0.4µM forward primer, 0.4µM reverse primer, 2.5 U of Taq DNA polymerase, and 50 ng of genomic DNA. Cycle conditions were as follows: 5 minutes at 94°C, 30 cycles of 30 seconds' denaturation at 94°C, 30 seconds' annealing at 58°C, and 90 seconds' extension at 72°C, with a final extension of 5 minutes at 72°C. The samples were sequenced using the Big Dye Terminator Cycle Sequencing Ready Reaction Kit (Perkin Elmer, Foster City, Calif ) and run on an ABI-prism automatic DNA sequencer (Perkin Elmer).
RESULTS
The LRRK2 mutations were found in 16 patients, which represent 5.3% of all PD subjects studied in this cohort. Thirteen patients carrying the G2019S mutation, 2 patients with the R1441G mutation, and 1 patient with the LRRK2 R1441C mutation were identified ( Table 1) . The R1441H mutation was not present in any of our patients. An R1441G mutation was found in a familial PD patient originating from the northwest region of Spain, near Asturias, but the other R1441G mutation carrier had not known ancestors from this geographical area.
Nine patients (56.3%) had a family history of PD ( Figure) . Two other patients (patients 1 and 8; Table 2 ) reported tremor in 1 parent, but these families did not meet the conservative criteria of Marder and colleagues for familial PD, 14 and the cases were classified as sporadic. The pedigrees of patients with LRRK2 mutations are shown in the Figure. The family of proband 4 showed incomplete penetrance. The proband's mother, who was a confirmed mutation carrier, did not have illness symptoms or signs of parkinsonism at age 91 years. Furthermore, a proband's half-sister, from the same mother but a different father, was affected by PD but was not a mutation carrier.
Two additional patients carrying the G2019S mutation (patients 17 and 18), relatives of probands 4 and 11, respectively, were identified, and their clinical features are also reported herein (Table 2 and Figure) . The mean age at illness onset for the 18 patients with LRRK2 mutations (mean±SD, 57.1±13.2 years; range, 33-78 years) did not differ significantly from PD patients without these mutations (mean±SD, 53.7±13.3 years; range, 8-85 years). Early onset (Ͻ40 years) was present in 2 patients, aged 33 and 35 years, respectively. One relative of patient 7 developed symptoms of PD at age 26 years, but extensive clinical information and DNA from this individual were not available. The clinical features of patients with LRRK2 mutations after a mean disease duration of 13 years are shown in Table 2 and Table 3 (mean follow-up at our hospital, 6.3 years). The parkinsonism in patients with LRRK2 mutations usually presented with unilateral rest tremor or motor slowness. During the course of the illness, the 3 cardinal parkinsonian signs of rest tremor, bradykinesia, and rigidity were present in most patients, with frequent persistence of the asymmetry of parkinsonian motor signs (Table 3) . Only 1 case (patient 18; Table 2 Response to levodopa was positive in all cases. Treatment-induced motor complications appeared frequently after a mean illness duration of 7 years but in some cases appeared after 10 or as early as 2 years. All patients with treatment-induced motor complications had motor fluctuations, mainly wearing-off but also on-off phenomena (Table 3) . Three patients (patients 2, 3, and 11; Table 2 ) were treated with bilateral subthalamic nuclei deep brain stimulation after 7 to 11 years of illness, with sustained control of motor PD symptoms and functional improvement in all cases.
COMMENT
We have found the LRRK2 G2019S mutation in 4.3% of our PD patients, accounting for 6.4% of familial and 3.4% of apparently sporadic cases. This is the first study that reports the frequency of the LRRK2 G2019S mutation in Spanish PD patients. The proportion of LRRK2 G2019S mutation carriers in both familial and isolated cases of PD is similar to or slightly higher than that reported previously in other studies performed in different populations, where this mutation accounts for about 2% to 6% Abbreviation: PD, Parkinson disease. *Does not include 2 affected individuals who were relatives of a proband. †Does not include a patient whose clinical data were not available. ‡Does not include 2 patients in whom levodopa treatment was not initiated. §In all cases, psychiatric symptoms appeared after the onset of motor symptoms.
of familial and 0.6% to 2.0% of apparently sporadic cases. [7] [8] [9] [10] 15, 16 The R1441G mutation was present in 0.7% of our PD patients. This mutation was originally identified in 8% of Spanish families originating from the Basque region 1 and later in patients from a neighboring region, Asturias, with a lower frequency (2.7%). 11 This mutation has not been found in other world populations, including Portuguese PD patients in the Iberian peninsula, 16 suggesting that it is geographically restricted to northern Spain by a founder effect in the Basque people, a relatively homogeneous and historically isolated ethnic group. Haplotype analysis of this chromosomal region in PD patients supports this hypothesis. 1, 11 We have found a lower R1441G mutation frequency in Catalonia when compared with Basque or Asturian regions, supporting the existence of a geographical gradient for this mutation as previously suggested. 11 In our population, 1 patient with an R1441G mutation originated from a region near Asturias, whereas the other patient carrier had not known Basque or Asturian ancestors. Therefore, the presence of this mutation in Catalonia could be explained by the existence of recent or ancient migration from the Basque population. Supporting the hypothesis of an ancient migration is the description of an ancestral gene flow between the Basque people and other populations of Europe, especially with the Catalan people, during the past few thousand years. 17 As reported in previous studies, [2] [3] [4] [5] [6] the clinical features of parkinsonism in our patients with LRRK2 mutations were similar to classic PD. Age at illness onset was variable, ranging from 33 to 78 years, although mean age at onset was similar to that of idiopathic PD. Onset was frequently asymmetrical, with rest tremor or motor slowness. A significant proportion of our patients had minimal or no rest tremor despite long disease duration. As noted in other studies, dementia was rare in patients with LRRK2 mutations. [2] [3] [4] A clinical presentation different from classical PD occurred in 1 G2019S mutation carrier, who had monosymptomatic, mild, intermittent rest tremor in 1 leg for several years without developing additional parkinsonian symptoms or signs. This suggests that in some cases, the LRRK2 mutation phenotype may have a benign course. All patients had a good response to levodopa but frequently developed treatment-induced motor complications, especially fluctuations and freezing of gait, that were disabling for many of them. Three of our patients were treated with chronic bilateral electrical stimulation of the subthalamic nuclei, with an excellent outcome.
Family history of PD was present only in 56.3% of our LRRK2 mutation carriers. Negative family history for this subset of PD patients (43.7%) may be related to several factors, including incomplete penetrance, 10 undiagnosed PD in a relative, appearance of a mutation de novo, false paternity, and early death of family members before illness development. We found an unaffected 91-year-old relative who carries the G2019S mutation, supporting the existence of incomplete penetrance in this family. Previous studies have reported a penetrance between 70% and 100% in different families with LRRK2 mutations. 1, 18 In 1 study, the penetrance of the mutation was found to be age dependent, increasing from 17% at age 50 years to 85% at age 70 years. 5 However, the 91-year-old unaffected carrier reported herein, together with the previously reported 89-year-old unaffected subject carrying a similar mutation, 19 suggests that other factors besides age are important for LRRK2 incomplete penetrance.
Identification of affected relatives of G2019S PD patients but who do not carry this mutation, as in 1 of our patients, has also been observed in other studies. 4, 8 Nichols et al 8 reported the presence of such phenocopies in 5 of 19 affected sibships with the G2019S mutation. As suggested by Singleton, 20 these phenocopies may indicate that some risk factors might be present in other family members, independently of their G2019S status, and consequently increase the lifetime risk of PD.
In light of the high frequency of LRRK2 mutations in PD, it seems likely that the identification of many patients and unaffected relatives with LRRK2 mutations will be possible in the near future. This will facilitate the search of genetic and environmental factors that could condition disease susceptibility and age at disease onset. Furthermore, the detection of presymptomatic mutation carriers will allow researchers to perform studies of putative neuroprotective treatments. 
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